For holography and speckle interferometry the calibration of the sensitivity is a must, because illumination and observation directions vary across the field of view. A numerical estimate or a static calibration using rigid body motions is standard, and reference materials exist for static strain calibration. Recently, reference materials for the dynamic calibration of optical instruments of displacement and strain measurement were designed and prototypes were manufactured in the European FP7 project ADVISE. We review the properties of the reference material and the concept of traceability for the field of displacement values by using a calibrated single point transducer. The mode shape is assessed using out-of-plane DSPI, Finite Element Analysis as well as analytic solutions of the plate vibration. We present measurements using stroboscopic DSPI on the reference material under acoustic excitation and compare the measured mode shapes to the ones predicted by FE analysis. We apply different comparison methodologies based on point-by-point deviations and on decomposition of the mode shapes into a set of orthogonal basis functions. The latter method is well suited to assess stability and reproducibility of a mode shape. Finally, the deviations are used to estimate the reference material uncertainty which is an essential parameter for determining the calibration uncertainty. Uncertainty contributions of the DSPI set-up are taken into account. To conclude, the application area and limitations of the reference material are discussed.
INTRODUCTION
Laser speckle interferometry is used for the measurement of displacement and strain fields. While the calibration of the wavelength of the laser is normally not necessary, the calibration of the in-and out-of plane sensitivity is a must, because the illumination and observation directions vary across the field of view and depend on object shape. A numerical estimate or a static calibration using e.g. rotations or translations is standard, and reference materials exist for static strain calibration from the European SPOTS project [1] . For dynamic processes, most notably for full-field measurements, there is a lack of accepted calibration methodologies. To overcome this lack, a reference material for the dynamic calibration of optical methods of displacement and strain measurement was designed and manufactured in the European FP7 project ADVISE [2] .
DYNAMIC REFERENCE MATERIAL
The dynamic reference material can be used for all kind of contactless optical measurement techniques including DSPI, digital image correlation, or holography. The design and manufacturing processes for the reference material have been described elsewhere [3] [4] . It consists of a rectangular plate that is machined from a massive frame. Hinges at the corners remain to bridge the plate to the frame (Fig. 1) . Free edges were chosen to enhance the out-of-plane amplitude compared to a plate clamped all around its circumference. This monolithic design guarantees stable boundary conditions which are somewhere between simply-supported and clamped corners. Further, the design is parametric and based on the longitudinal dimension a of the rectangular membrane. Its width is b=2a/3 and the thickness of the membrane, t, is specified as a fraction of the length. The prototype was milled from cast aluminum alloy 5083 (Peraluman). Care was taken to avoid residual stresses in the machining process. The manufactured reference material has dimensions, a = 105mm, b = 70mm and thickness t = 1mm. By design, the resonances are well separated in frequency, because the stability and reproducibility of the mode shapes is essential for a reference material, and mode-mixing should be avoided. The plate vibrations were assessed using out-of-plane DSPI, Finite Element Analysis, and analytic approximations. Let the n th mode shape be described by
where f n represents the normalized mode function, while W 0 is the scaling factor which depends on the excitation force. There are analytic solutions for plate vibrations f n , assuming ideal dimensions, material properties, excitation and boundary conditions. For a real object, the normalized mode function f n is not known, but can be parameterized to sufficient accuracy using a series expansion
The basis functions T i can be sine and cosine-functions or orthogonal polynomials such as Chebyshev's [5] .
Measurements using time-average and stroboscopic DSPI were performed on the reference material under acoustic excitation. Because there is a relative phase-shift of the sinusoidal deflection and the exciting force through the resonance by 180° care must be taken when performing the stroboscopic DSPI to take this shift into account in order to obtain the maximum deflection. Fig. 2 shows a comparison of the first two measured mode shapes to the ones predicted by FE analysis. In contrast to the calibration, for the comparison to FE, the absolute value of the amplitude is unimportant as long as the mode shape function is unchanged. The amplitude can be adjusted by adjusting the excitation force to a signal level appropriate for the measurement technique at hand. The following Fig. 3 (left) shows the resonance curve for the first mode measured by laser Doppler velocimetry. Note that the resonance frequency has shifted by some 20 Hz compared to Fig. 2 . This effect was attributed to a contacting excitation method in a laboratory during a small round robin exercise. Fig. 3 (right) shows the phase lag with a typical jump of pi radians through the resonance frequency. Both curves corroborate the fact that the first mode is a well isolated resonance. 
TRACEABILITY AND CALIBRATION UNCERTAINTY
Traceability to the unit of length is established for the entire field of reference values by using a single point, noncontacting calibrated transducer such as a laser Doppler vibrometer in selected locations, preferably near the locations of maximum deflection. This is acceptable, since the reference material is operated in its linear regime, i.e. the deflection field W(x,y) scales with W 0 . Using the normalized mode function f n , Eq. (1), the local displacement values at each point on the membrane surface can be determined. It is important to synchronize the LVDT and DSPI stroboscope in order to have an exact correspondence of the signals in time.
Contributions to the uncertainty of the reference values w(x,y) include effects by (i) geometry (manufacturing tolerances) (ii) material (homogeneity) (iii) boundary conditions (symmetry of four corners), (iv) excitation (load distribution on plate) (v) temperature (heating of material, frequency) (vi) frequency (stability) (vii) timing (synchronization of DSPI and LVDT) (viii) measurement uncertainty of LVDT. These contributions are not independent, and therefore should not be quantified individually, unless a model for the calculation of the covariances is available.
It is more convenient to start from Eq.(1) and assign the uncertainty contributions to the independent variables, i.e. amplitude W 0 , mode shape f n , and frequency ω n . The contributions (i) through (iv) listed above affect the mode shape function; (v) and (vi) the frequency, while (vii) and (viii) influence the amplitude. From Eq.(1) Since we assume that the DSPI stroboscope and the laser vibrometer are synchronized to the driving force, the last term is not representative for the frequency uncertainty. Rather, a jitter in frequency should be assumed. The uncertainty in amplitude is detailed as follows: is the sine-to-sine change of the resonant vibration. The uncertainty in the mode shape can be estimated by the rms deviation from the reconstructed mode shape to the simulated one.
For the calibration uncertainty of the DSPI instrument, the speckle noise dominates the reconstruction uncertainty, i.e. expansion coefficients lower than the speckle noise level are insignificant. In Fig. 4 (left) the residual after reconstruction using 16x16 orders is given, while Fig. 4 (right) shows the corresponding rms values for the residuals when reconstruction is performed using the coefficients in descending order of their magnitude. It is seen that the DSPI reconstruction levels off at the DSPI noise of around 8 nm (depending on filtering strength applied to the phase map), while the smooth FEA result has a limiting value of zero. In both cases, the reconstruction using the 20dominant terms is of sufficient quality. From this result, the contribution of the speckle noise to the DSPI calibration uncertainty can be approximated by 8 nm. In addition, stroboscopic DSPI uses a finite integration time over each cycle. This implies that the measured displacement value has slightly lower amplitude than the maximum amplitude incorporated in the reference material.
CONCLUSIONS
The reference material as described in this paper is an artifact for calibrating measurement systems for dynamic deformations. Its mode shape can be parameterized based on orthogonal functions, and the uncertainty of the reference values was estimated. An application to the calibration of a DSPI instrument was sketched It is expected that the dynamic reference material will be made available to the interested for further testing using round robins in the frame work of the European CSA project VANESSA in 2013.
